ABSTRACT
INTRODUCTION
A salient characteristic of multicellular organisms is the tight regulation of cell division. Cells in the body proliferate upon proper growth signals and remain dormant in the absence of such 3 signals. The dormant state, reversible to proliferation, is referred to as cellular quiescence, which is fundamental to many physiological phenomena such as stem cell homeostasis and tissue repair [1] [2] [3] [4] . Consequently, dysregulation of cellular quiescence can lead to a range of hyper-and hypo-proliferative diseases including cancer and aging [5] [6] [7] [8] [9] .
Quiescent cells can progress into deeper quiescence, from which they require stronger growth stimulation and a longer time to reenter the cell cycle. Deep quiescence, after all, can still revert to proliferation, making it phenotypically distinct from other irreversibly arrested cellular states such as senescence (Fig. S1a) . In vitro, deep quiescence arises when cells are cultured longer under quiescence inducing signals such as contact inhibition 10, 11 and serum starvation 12 .
In vivo, deep quiescence is associated with aging-e.g., hepatocytes in older than younger rats take a longer time to reenter the cell cycle upon partial hepatectomy 13, 14 . On the other hand, cells can shift into shallower quiescence and become sensitized to growth stimulation, as seen in neural stem cells and muscle satellite cells post injury 15, 16 . Despite the importance of quiescence depth for tissue repair and regeneration, cellular mechanisms regulating quiescence depth are poorly understood.
In this study, we set out to investigate what regulates quiescence depth in a rat embryonic fibroblast (REF) cell model. We identified sequential transcriptome changes as cells moved progressively deeper into quiescence under longer-term serum starvation. In particular, we found that lysosomal gene expression and biogenesis continuously increased with quiescence deepening; autophagy flux, however, decreased.
Lysosome, the hydrolytic enzyme-filled organelle in the cell, functions to break down many types of biomolecules including proteins, nucleic acids, carbohydrates, and lipids through processes such as autophagy and endocytosis. Lysosomal function has been shown to prevent 4 irreversible cellular states such as senescence, terminal differentiation, and apoptosis 6, [17] [18] [19] [20] 21, 22 and tissues in vivo 23, 24 , suggesting the existence of shared regulatory mechanisms underlying these cell fates and a possible sequential transition from shallow to deep quiescence and eventually to irreversible senescence that may contribute to aging.
RESULTS

Transcriptome changes during quiescence deepening
Similar to our previous observation 12 , REF cells moved into deeper quiescence progressively with longer-term serum starvation. After a 2-day serum starvation, the entire cell population entered quiescence as demonstrated by their negative DNA incorporation of 5-ethynyl-2'-deoxyuridine (EdU) and a complete shut -off of E2f1expression (Fig. S1b ). E2f1 is a member of the E2f family of transcription factors; it up-regulates a large battery of genes involved in DNA replication and cell cycle progression, and acts as an effector of an Rb-E2f bistable switch that controls the all-or-none transition from quiescence to proliferation 25, 26 . With increasingly longer serum starvation, cells moved deeper into quiescence, as shown by their longer average "waiting time" before resuming DNA replication upon serum stimulation. For example, it took 19, 22, and 5 25 hours of serum stimulation for ~60% of the cells that were under 4-, 8-, and 14-day serum starvation (labelled as STA in figures for simplicity), respectively, to become EdU + (Fig. 1a) ; after 19 hours of serum stimulation, while ~80% of 2-day serum-starved cells became EdU + , only ~10% of 14-day serum-starved cells did so (Fig. 1a) . Importantly, deep quiescent cells were not irreversibly arrested; upon serum stimulation, they were able to re-enter the cell cycle (EdU + and E2f-ON, Fig. S1b ).
To better understand molecular mechanisms regulating quiescence depth at the transcriptional level, we performed RNA-seq analysis of 0-to 16-day serum-starved cells. As expected, quick down-regulation (within 2-day serum starvation) was observed in the expression of well-characterized proliferation genes such as E2f1, Cdk2, and Cdk4 ( In terms of the global gene expression profile, it not only changed drastically when cells transitioned from proliferation to quiescence (0-to 2-day serum starvation) but kept changing sequentially as cells moved from shallow to deep quiescence (2-to 16-day serum starvation) ( Fig.   1b ). This sequential change was reflected in 9 gene clusters that exhibited different temporal dynamic patterns (Fig. 2a, b) . In particular, the expression of one gene cluster increased progressively without plateauing as cells moved deeper into quiescence (cluster 1, Fig. 2b ). In this quiescence deepening-associated gene cluster, multiple biological functions were enriched; among them, the enrichment of lysosomal genes was the most statistically significant (Fig. 2c   6 and S2c). Consistently, lysosomal genes had the strongest positive correlation with deep quiescence in Gene Set Enrichment Analysis (GSEA, NES = 3.12; Fig. 2d ).
Lysosomal gene expression and biogenesis increase as quiescence deepens
The majority of lysosomal genes, encoding for various lysosomal enzymes, activator proteins, membrane proteins, and ion channel proteins, increased their expression as cells moved into deeper quiescence ( Fig. 2e and Fig. S3 ). In comparison, the expression of most genes associated with endosome, another cellular organelle in the endosomal-lysosomal system, did not increase significantly as quiescence deepened (Fig. 2f ).
Lysosomal biogenesis also increased in deep quiescence. Lysosomal mass first showed a brief pulsatile adaptive response (within the first 6 hours) upon serum starvation and then continuously increased during the following 14 days, as seen from the stained LysoTracker intensity (Fig. 2g) . The initial pulsatile response of lysosomal mass was likely due to an adaptive mTOR-autophagy response to serum starvation as previously reported 28 . The continuously increased lysosomal mass in deep quiescence was at least partially due to increased lysosomal number; e.g., 11-day serum-starved cells exhibited significantly more lysosomal foci than 2-day serum-starved cells (> 2.5-fold, p = 4.9*e -14 in a one-tailed t-test; Fig. 2h ).
Inhibiting lysosomal function deepens cellular quiescence
Were increased lysosomal gene expression and biogenesis responsible for driving cells into In order to test these competing hypotheses, we first performed pharmacological inhibition of lysosomal function and measured corresponding quiescence-depth change (Fig. 3a) .
We used two lysosomal inhibitors, bafilomycin A1 (Baf) and chloroquine (CQ) that prevent lysosomal acidification 29 , and found that both drugs inhibited lysosomal function as expected, evident by impaired proteolytic degradation within the lysosomal compartment (Fig. S4b) . When quiescent cells were treated with these two lysosomal inhibitors, higher serum concentrations were required to activate E2f1 and initiate DNA replication in a drug dose-dependent manner ( Fig. 3b, c ; red arrow pointed: serum concentration for activating ~50% of cells). This lysosomal inhibitor-caused quiescence deepening occurred regardless of the preceding quiescence depth before drug treatment; as shown in Fig. S4c , a higher serum concentration was required to activate drug-treated (blue curve) than non-treated (red curve) cells at all test conditions (serumstarvation days). Furthermore, with CQ treatment at a high concentration (20 μM), the majority of cells entered a senescence-like, irreversibly arrested state and did not re-enter the cell cycle even with strong growth stimulation (20% serum, Fig. 3b, c) . This finding that inhibiting lysosomal function deepened quiescence suggests that increased lysosomal gene expression and biogenesis played a compensatory role to prevent further deepening of quiescence.
We hypothesized that increased lysosomal gene expression and biogenesis in deep quiescence might respond to and compensate for a decreased lysosomal function. Indeed, we found that autophagy flux, an indicator for a primary lysosomal function, gradually declined as 8 cells moved deeper into quiescence as seen in LC3-II turnover assay 30 ( Fig. 3d) . We reasoned that a decreased lysosomal function in longer-term serum-starved cells, which was partially but not completely compensated by increased lysosomal gene expression and biogenesis, was responsible for quiescence deepening. Fig. 4g ) and the EdU+ level upon serum stimulation (normalized to mCherry control, z-axis, Fig. 4g ), suggesting that cells can be continuously driven to shallower quiescence by enhancing lysosomal function.
Enhancing lysosomal function pushes cells toward shallower quiescence
Lysosomal function prevents quiescence deepening via ROS reduction
Lysosomes are known to play roles in antioxidation and energy generation in quiescent stem cells 6, 17, 18, 20 . Similar to deep quiescence, senescence and aging are at least partially driven by ROS and can be counteracted by the lysosome-autophagy pathway 6, 8, 18, 19, 36 . With this mechanistic similarity in mind, it was still striking to us that QDS correctly predicted cellular senescence and aging in a wide array of cell lines in vitro 21, 22 and tissues in vivo 23, 24 ( Fig and with all three inducers (Adriamycin, 5-aza, and H2O2) studied under stress-induced senescence ( Fig. 6b) . Consistently, a set of "universal senescence genes" identified from metaanalysis 37 exhibited similar expression changes (i.e., up-or down-regulation) under both deep quiescence and senescence (Fig. 6e) . Furthermore, significantly increased QDS was associated with the aging of hematopoietic stem cells ( Fig. 6c ) and of all eleven studied rat organs (Fig. 6d ).
The common increase in QDS observed in both cellular senescence in vitro and aging in vivo suggests that quiescence deepening likely shares a molecular mechanistic basis with senescence and aging. Given their different degrees of reduced proliferative capacity, deep quiescence may act as a transitional state on the trajectory towards cellular senescence and aging.
Discussion
Previous studies have shown that the lysosome-autophagy pathway preserves the proliferative capacity of adult stem cells by preventing irreversibly arrested states such as senescence, apoptosis, and terminal differentiation 6, 17, 18, 20 . The present study shows that instead of a simple ON (reversible)-OFF (irreversible) switch, lysosomal function acts as a dimmer switch to continuously modulate quiescence depth ( Alternatively, the "net" lysosomal function after partial compensation may serve as certain adaptive mechanism-e.g., a counter for the serum-starvation duration (i.e., environmental growth restriction), which determines accordingly how cautious the cell will be before committing to exiting quiescence.
Our results suggest that lysosomal function prevents quiescence deepening via ROS 42, 43 . It is well established that mTOR drives cell growth and inhibits the lysosome-autophagy pathway 35, 44 . Accordingly, the effect of mTOR on quiescence depth is likely two-sided: by promoting cell growth, mTOR facilitates quiescence exit and thus reduces quiescence depth; by inhibiting lysosomal function, mTOR drives cells deeper into quiescence. In the GAlert case, where mTOR is activated both before and during stimulation, the net result appears to be shallower quiescence. If we inhibit mTOR activity in quiescent cells before but not during serum stimulation, we would expect an increased lysosomal function (before stimulation) but otherwise largely unaffected cell growth (during stimulation), and thus a net result of shallower quiescence. Indeed, we observed that mTOR inhibition in serum-starved quiescent cells by an inhibitor Torin 1 before (but not during) serum stimulation led to progressively shallower quiescence in Torin 1 treatment duration-dependent manner (Fig. S6c) .
The lysosome-autophagy pathway plays an important role in cancer physiology and dormancy 7, 32, 33, [45] [46] [47] . Activities of MiT/TFE family members including Tfeb and Mitf are upregulated by overexpression or nuclear localization in multiple cancer types including lung, pancreatic, and ovarian cancers 33, 48, 49 , which is linked to poor prognosis and survival 48, 49 . The lysosome-autophagy pathway may maintain dormant cancer cells at certain quiescence depth that facilitates survival and metastasis 7 . Consistently, autophagy inhibition decreases the viability of dormant breast cancer cells and their metastatic recurrence, suggesting a promising treatment strategy 46 . Future studies are needed to determine the optimal target and degree of lysosomalautophagy inhibition in treatment to minimize disrupting the quiescence depth of normal cells.
Our study highlights that deep quiescent cells may experience similar gene expression changes as senescent and aged cells ( Fig. 6b-e) . A shared underlying mechanism may be DNA damage caused by ROS accumulation that is common in these cells. DNA damage is associated with cellular senescence in vitro [50] [51] [52] and aging in vivo 53, 54 that are caused by various agents (e.g., ROS and replication stress) [55] [56] [57] . DNA damage can induce polyadenylation of replicationdependent histone mRNAs 58 , which are otherwise usually non-polyadenylated 59 . Likely not coincidentally, in both deep quiescent cells and senescent cells, an increase in polyadenylated mRNAs was associated with replication-dependent histones but not replication-independent histones (Fig. S7) . In addition to the decrease of lysosomal function and accumulation of ROS and DNA damage, many other cellular activities are up-or down-regulated as cells move deeper in quiescence (Fig. S2c) . Some of these cellular activities may also be involved in the regulation of quiescence depth, with their detailed mechanisms awaiting further studies. In this regard, it has been shown recently in both NSCs and bacteria that the accumulation of protein aggregates is associated with quiescence deepening, and that the clearance of protein aggregates (by lysosome in NSCs and by DnaK-ClpB complex in bacteria) enhances the ability of cells to reenter the cell cycle 31, 60 .
Lastly, it remains elusive how the lysosomal dimmer switch interacts with other cellular control mechanisms of cell growth and arrest. On one end, shallow than deep quiescent cells are more prone to reenter the cell cycle upon grow stimulation, while cell cycle reentry is known to be controlled by the Rb-E2f bistable switch. It has been shown that components of the Rb-E2f-Cyclin/Cdk gene network play important roles in regulating cellular quiescence 12, 61 . We speculate that during quiescence exit, cells first move progressively into shallow quiescence and at a time point (the restriction point 62, 63 ) "flip" into the cell cycle by committing to proliferation; the whole process acts like adjusting a dimmer switch before activating a toggle switch. In this regard, it will be important to figure out whether and how the lysosomal switch crosstalks with the Rb-E2f switch in controlling quiescence depth and exit in future studies. On the other end, deep than shallow quiescent cells are more difficult to reenter the cell cycle upon grow stimulation, while the relationship between reversible deep quiescence and irreversible senescence remains mysterious. Our finding that a gene signature for deep quiescence also predicts senescence (Fig. 6b) suggests that shared molecular mechanisms may underlie both cell fates. Relatedly, it is noticeable that the Rb-E2f-p53 gene network, an overlapping mechanism with the one underlying cell cycle entry, controls the entry into senescence [64] [65] [66] [67] [68] . Whether and how the lysosomal switch crosstalks with the Rb-E2f-p53 network in regulating the transition from deep quiescence to senescence and whether such a transition is gradual following a continuum or abrupt as controlled by an ultrasensitive or bistable switch-like mechanism 69, 70 remain significant unanswered questions (Fig. S1a) .
METHODS
Cell culture and quiescence induction by serum starvation
Rat embryonic fibroblasts used in this study are from a single-cell clone derived from REF52 cells 71 and contain a stably integrated human E2F1 promoter-driven destabilized EGFP (E2f-GFP) reporter as previously described (REF/E23 cells 26, 72 ), except for in Fig. 5e and f, where REF52 cells without the integrated E2f-GFP reporter were used to avoid its interference with transfected GFP-containing expression vectors. Cells were passaged every 2-3 days and maintained at subconfluency in growth medium: Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% bovine growth serum (BGS; GE Healthcare, SH30541). To induce quiescence, cells were plated at ~50% confluence on 6-well plates or 100-mm dishes in growth medium for a day, washed twice with DMEM, and cultured in serum-starvation medium (DMEM containing 0.02% BGS) for the indicated duration (≥ 2 days).
Quiescence-depth assay with E2f-GFP, EdU, or PI readout
To assess quiescence depth, cells were switched from serum-starvation medium to serum- 
Lysosomal function modulation
To inhibit lysosomal function, cells were treated with CQ (chloroquine; Sigma, C6628) or Baf Immunoblots were imaged using a LI-COR Odyssey Scanner and analyzed with Fiji software 73 .
The LC3-II Δ between CQ-treated and non-treated samples was quantified to reflect autophagy flux 30 .
cDNA library preparation, RNA-seq and data preprocessing cleaned reads were aligned to the rat reference genome rn6 (UCSC) using TopHat (v2.1.1) with default parameters 74 . Transcript annotation and normalization to FPKM were handled using Cufflinks (v2.2.1) 74 . Differentially expressed genes between two time points were identified based on fold difference > 2 in FPKM, after filtering out low (FPKM < 8) or inconsistent expression (fold difference > 2 between replicates).
Gene expression and pathway enrichment analysis of RNA-seq data
To visualize the sequential transition of transcriptome, the expression matrix of differentially expressed genes was log2 transformed and subjected to Principal Component Analysis using the R function "prcomp", with the result visualized using the R package rgl 75 were connected by an edge, and node size was set to reflect the normalized enrichment score (NES).
TF-target and lysosomal co-expression network construction
To construct a TF-target network, TF-target interactions were downloaded from RegNetwork 83 and PAZAR 84 (mouse interactions were used as rat data were unavailable), based on which differentially expressed genes were connected into a directional graph using the Python package NeworkX 81 and visualized using Gephi 82 with the Force Atlas mode. The size and color of a node were determined by its betweenness centrality and expression level, respectively.
To construct a lysosomal co-expression network, differentially expressed genes in the form of a log2-transformed expression matrix were clustered into co-expression modules using the blockwiseModules function in the R package WGCNA 85 , with the soft-thresholding power and mergeCutHeight set to 20 and 0.25 respectively. The co-expression module containing the largest number of lysosomal genes up-regulated with quiescence deepening was chosen as the lysosomal co-expression network. Genes in the network were connected based on their coexpression degree (i.e., pairwise correlation) with an adjacency threshold of 0.25. Lysosomal genes and TFs were identified using KEGG 86 and the DBD transcription factor database 87 , respectively. The network was visualized using Cytoscape 88 .
Quiescence-depth signature model
To identify a gene expression signature reflecting quiescence depth, linear regression with an elastic net penalty was performed on the time-course RNA-seq data (2-to 16-day serum starvation) using the R package penalized 89 , with the sample label set to indicate serumstarvation days (e.g., 2 for 2-day serum starvation). The optimal tuning parameters for L1 and L2
penalties were determined by maximizing the cross-validated log likelihood across the L1 and The regression model was applied to previously published transcriptomes related to quiescence 16 , senescence 21, 22 , and aging 23, 24 . The downloaded RNA-seq datasets, if not previously normalized, were normalized to FPKM, RPKM, or CPM with the R packages limma 90 and edgeR 91 . Gene symbols from human, rat, and mouse were cross-referenced using NCBI HomoloGene, and expression matrices from different species were merged accordingly.
Normalized expression values in the merged matrix were log2 transformed and mean centered for each tissue or cell type, and analyzed in the regression model above. The resultant QDS reflects the relative "quiescence depth" of the studied tissue or cell type. (a) 2-day serum-starved cells were further cultured in starvation medium containing βME and/or MPy for 4 days and stimulated with 2% or 4% serum for 24 hours, followed by EdU assay. Star sign (*) and ns, statistical significance (p < 0.05) and insignificance, respectively, in a one-tailed (arrow pointed) t-test comparing the average EdU + % of βME-and/or MPy-treated versus non- F o x O s ig n a li n g p a t h w a y P a t h w a y s in c a n c e r P a n c r e a t ic c a n c e r S t e r o id b io s y n t h e s is T e r p e n o id b a c k b o n e b io s y n t h e s is B io s y n t h e s is o f a n t ib io t ic s 
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